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ABSTRACT
Agrobacterium tumefaciens delivers transferred
DNA (T-DNA) into cells of plants and yeast. In
plants, the T-DNA integrates at random positions
into the genome by non-homologous recombination
(NHR), whereas in yeast the T-DNA preferably
integrates by homologous recombination (HR). Here
we show that T-DNA integration by HR in yeast
requires the recombination/repair proteins Rad51
and Rad52, but not Rad50, Mre11, Xrs2, Yku70
and Lig4. In the HR events a remarkable shift from
insertion-type events to replacement events was
observed in rad50, mre11 and xrs2 mutants.
Residual integration in the rad51 mutant occurred
predominantly by HR, whereas in the rad52 mutant
integration occurred exclusively by NHR. Pre-
viously, we found that T-DNA integration by NHR is
abolished in a yku70 mutant. Thus, Rad52 and
Yku70 are the key regulators of T-DNA integration,
channeling integration into either the HR or NHR
pathway.
INTRODUCTION
Agrobacterium tumefaciens is in use as an ef®cient vector for
the genetic modi®cation of plants. This is based on the
bacterium's ability to introduce part of its Ti plasmid, the
transferred DNA (T-DNA), as a single-stranded nucleoprotein
complex into cells of plants (1,2). The incoming T-DNA
integrates at random positions into the plant genome by a
process of non-homologous recombination (NHR) (3). In
principle the T-DNA can be targeted to a speci®c region of the
genome by the incorporation of a segment from this genomic
area in the T-DNA (4). However, gene targeting is still not
routinely applicable in plants as even T-DNAs that share
extensive homology with the plant genome integrate prefer-
ably by NHR (5).
Some time ago it was shown that Agrobacterium is also able
to transfer its T-DNA to the yeast Saccharomyces cerevisiae
(6). In yeast, T-DNA sharing homology with the genome
preferably integrates by homologous recombination (HR)
(6,7), but in the absence of DNA homology integration occurs
by NHR as observed in plants (8,9). This indicated that the
process of T-DNA integration is predominantly determined by
the enzymatic machinery of the host. Using the yeast
S.cerevisiae as a model we recently demonstrated that the
YKU70, LIG4, RAD50, MRE11, XRS2 and SIR4 genes are
required for T-DNA integration by NHR (9). These genes
have been shown to be involved in the repair of DNA double-
strand breaks by non-homologous end-joining (NHEJ). In
addition to functioning in NHEJ, these genes also play a role in
telomere length maintenance (YKU70, RAD50, MRE11 and
XRS2), telomere-associated transcriptional silencing (YKU70
and SIR4), meiotic recombination and some types of HR
(RAD50, MRE11 and XRS2) (10±13). However, genes with an
exclusive role in HR, such as RAD51 and RAD52 (12,14),
were not necessary for T-DNA integration by NHR (9). In the
present study we used yeast as a model system to establish
which genes are required for the integration of T-DNA by HR.
MATERIALS AND METHODS
Yeast strains
The yeast strains used in this study are listed in Table 1. The
rad52yku70 double mutant was constructed by one step
disruption after lithium acetate transformation (17) of the
RAD52::TRP1 BamHI fragment of pSM21 (18) into the
YPH250yku70 strain. Disruption of RAD52 was con®rmed by
PCR and Southern blot analysis.
Construction of the binary vector pSDM8001
A 1476 bp BamHI±EcoRI fragment containing the KanMX
marker from pFA6a was ligated into BamHI and EcoRI
digested pIC20H to form pIC20HKanMX. The KanMX marker
was inserted between the PDA1 ¯anks by replacement of
a 2610 bp BglII fragment from pUC4E1a10 (19) with a 1465
BglII fragment from pIC20HKanMX. A 3721 bp XhoI±KpnI
fragment from this construct, which carried the KanMX
marker and the PDA1 ¯anks, was then inserted into the
XhoI and KpnI sites of pSDM14 to create pSDM8001.
Plasmid pSDM8001 was introduced into A.tumefaciens by
electroporation (20).
Co-cultivations/T-DNA transfer experiments
Co-cultivations were performed as described (9,21) using
A.tumefaciens LBA1119(pSDM8001) (22) and the yeast
strains listed in Table 1.
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Analysis of T-DNA integration at the PDA1 locus
In order to detect whether the T-DNA from pSDM8001 had
integrated by HR at the PDA1 locus, PCR analysis was done
on G418-resistant yeast colonies obtained after co-cultivation
as described (16). The T-DNA primers p1 (5¢-TCGCAG-
GTCTGCAGCGAGGAGC-3¢) and p2 (5¢-TCGCCTCGA-
CATCATCTGCCCAG-3¢) were used in combination with
primers p3 (5¢-TGTGGTGGGCAACAAGAATGTC-3¢), p4
(5¢-TTTCTTGTCAAGGGATTATCGGG-3¢) and p5 (5¢-
GCTGTAGTCTGTTATGCCAATCAGG-3¢) that anneal to
sequences of the PDA1 locus which are absent in the T-DNA
(Fig. 1A and B). A replacement event was detected when p1
and p3 generated a 1.1 kb fragment and p2 and p4 a 1.6 kb
fragment. When p1 and p3 generated a 1.1 kb fragment and p4
and p5 a 1.6 kb fragment an insertion-type I event was
detected. An insertion-type II event was found when p4 and p2
generated a 1.6 kb fragment. The primers p6 (5¢-AGACT-
CACGTTTCGAGGCC-3¢) and p7 (5¢-TCACCGAGGCA-
GTTCCATAG-3¢) ampli®ed a 0.8 kb fragment to detect the
presence of a T-DNA. PCR products were analyzed in a 1%
agarose gel (SphaeroQ) after electrophoresis.
CHEF gel analysis was performed using a T-DNA probe as
described previously (9).
RESULTS
A novel T-DNA vector to study T-DNA integration by
homologous recombination in yeast
In order to be able to study T-DNA integration by HR in any
yeast strain a novel T-DNA vector was constructed. The
T-DNA of this vector (pSDM8001) carries the dominant
KanMX selectable marker, which allows selection of trans-
genic yeast resistant to G418, surrounded by PDA1 ¯anking
sequences (Fig. 1A). The pSDM8001 vector was introduced
into A.tumefaciens strain LBA1119 and used in T-DNA
transfer experiments with the S.cerevisiae strains YPH250 and
JKM115. The T-DNA from pSDM8001 integrated at frequen-
cies of 3 3 10±5 and 6 3 10±5 into the genomes of these strains,
respectively (Table 2). A number of G418-resistant colonies
obtained from these experiments were analyzed by PCR to
investigate whether the T-DNA from pSDM8001 had inte-
grated by HR at the PDA1 locus. Integration of the T-DNA by
HR can lead to gene replacement (double crossover or gene
conversion) or insertion of the entire T-DNA (single
crossover). Insertion-type events can occur when the ends of
the linear T-DNA fuse to form a circle (Fig. 1A and B) (6). In
order to detect gene replacement and insertion-type events by
PCR we combined primers that anneal to the T-DNA (p1 and
p2) with primers that anneal to sequences of the PDA1 locus
absent from the T-DNA (p3, p4 and p5) in different reactions
(Fig. 1). We found in 27 out of 30 (90%) G418-resistant
colonies (YPH250 and JKM115) that the T-DNA from
pSDM8001 had indeed integrated at the PDA1 locus by HR
(Table 3). Both gene replacement (39%) and insertion-type
events (61%) were observed as described previously (6). The
presence of a T-DNA was detected in the remaining three
(14%) colonies, but it appeared not to be present at the PDA1
locus (Fig. 1C, WTpk.4). This indicated that the T-DNA had
integrated elsewhere into the genome. For one of these strains
we con®rmed by CHEF gel analysis that the T-DNA was not
present on chromosome V, which carries the PDA1 locus, but
was located on chromosome IV or XII, which co-migrated in
the gel (Fig. 2, WTpk.4).
We conclude that the T-DNA of pSDM8001 preferably
integrates by HR at the PDA1 locus and thus that this vector is
suitable to study T-DNA integration by HR in yeast.
Rad51 and Rad52 are required for the ef®cient
integration of homologous T-DNA
Recently we demonstrated that the Yku70, Lig4, Rad50,
Mre11 and Xrs2 proteins are required for T-DNA integration
by NHR (9). In contrast, the Rad51 and Rad52 proteins, which
are exclusively involved in HR (12), were found to be
dispensable for the integration of T-DNA by NHR (9). In order
to study the role of these DNA repair proteins in T-DNA
integration by HR we performed T-DNA transfer experiments
with the Agrobacterium strain LBA1119(pSDM8001) and a
set of isogenic yeast strains carrying disruptions of RAD51,
RAD52, YKU70, LIG4, MRE11, RAD50 and XRS2 and
compared integration in these mutants with that in the wild-
type. The results of these experiments are shown in Table 2. In
the rad51 and rad52 mutants the frequency of integration was
reduced dramatically and remained only 9 and 10% of that
observed in the wild-type. However, in the yku70, lig4, rad50,
mre11 and xrs2 mutants the frequency of integration did not
differ signi®cantly from the wild-type. Therefore, we con-
clude that RAD51 and RAD52 are required for T-DNA
integration by HR, but that the other DNA repair genes are
dispensable.
Table 1. Yeast strains
Strain Genotype Reference
YPH250 MATa, ura3-52, lys2-801, ade2-101, trp1-D1, his3-D200, leu2-D1 15
YPH250rad51 MATa, ura3-52, lys2-801, ade2-101, trp1-D1, his3-D200, leu2-D1, rad51::LEU2 9
YPH250rad52 MATa, ura3-52, lys2-801, ade2-101, trp1-D1, his3-D200, leu2-D1, rad52::LEU2 9
YPH250yku70 MATa, ura3-52, lys2-801, ade2-101, trp1-D1, his3-D200, leu2-D1, yku70::LEU2 9
YPH250rad50 MATa, ura3-52, lys2-801, ade2-101, trp1-D1, his3-D200, leu2-D1, rad50::hisG 9
YPH250lig4 MATa, ura3-52, lys2-801, ade2-101, trp1-D1, his3-D200, leu2-D1, lig4::HIS3 9
YPH250rad52yku70 MATa, ura3-52, lys2-801, ade2-101, trp1-D1, his3-D200, leu2-D1, rad52::TRP1, yku70::LEU2 This study
JKM115 MATa, Dho, Dhml::ADE1, Dhmr::ADE1, ade1, leu2-3,112, lys5, trp1::hisG, ura3-52 16
JKM129 MATa, Dho, Dhml::ADE1, Dhmr::ADE1, ade1, leu2-3,112, lys5, trp1::hisG, ura3-52, xrs2::LEU2 16
JKM138 MATa, Dho, Dhml::ADE1, Dhmr::ADE1, ade1, leu2-3,112, lys5, trp1::hisG, ura3-52, mre11::hisG 16
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Mutations in DNA repair genes differently affect T-DNA
integration by homologous recombination
Using PCR analysis we then investigated whether the T-DNA
had integrated by HR at the PDA1 locus or by NHR at other
loci in the various DNA repair mutants. In 14 out of 17 (82%)
G418-resistant rad51 colonies the T-DNA had integrated at
the PDA1 locus (Table 3). In the remaining three colonies the
T-DNA had not integrated at the PDA1 locus on chromosome
V as we detected insertions at chromosome XV or VII, IV or
XII, VIII or V (outside the PDA1 locus), respectively (Fig. 2,
rad51pk.11, rad51pk.14 and rad51pk.16). Thus, although the
transformation ef®ciency was much reduced, integration still
predominantly occurred by HR in the rad51 mutant.
In none of the G418-resistant rad52 colonies was the
T-DNA present at the PDA1 locus (Table 3). CHEF gel
analysis of ®ve of the G418-resistant rad52 colonies demon-
strated that the T-DNA had inserted elsewhere into the
genome as we detected insertions at chromosome IV or XII,
XVI, XV or VII, IV or XII and II, respectively (Fig. 2,
rad52pk.1±rad52pk.5). Thus, whereas there is residual
T-DNA integration by HR detectable in the absence of
Rad51, integration by HR is completely abolished in the rad52
mutant. This demonstrates that RAD52 is essentiel for T-DNA
integration by HR.
In 45 out of 50 (90%) G418-resistant colonies of the rad50,
mre11 and xrs2 mutants, which lack a functional Rad50±
Mre11±Xrs2 complex, integration had occurred by HR, which
was comparable with the wild-type (Table 3). However, in
contrast to the wild-type, predominantly gene replacement
events were seen after integration by HR (44 versus 90%,
respectively). In the remaining ®ve (one xrs2 and four rad50)
G418-resistant colonies (10%) the T-DNA had integrated
elsewhere into the genome by NHR as PCR did not detect the
presence of a T-DNA at the PDA1 locus and CHEF gel
analysis of the xrs2 strain detected a T-DNA insertion at
chromosome IV or XII (Fig. 2, xrs2pk.9). As the frequency of
integration by HR is not altered in cells lacking a functional
Rad50±Mre11±Xrs2 complex when compared to wild-type,
the complex is not required for T-DNA integration by HR per
se. However, as replacement events were prevalent amongst
the G418-resistant rad50, mre11 and xrs2 colonies, it seems
that the Rad50±Mre11±Xrs2 complex is important to bring
about insertion-type events.
In the G418-resistant yku70 and lig4 colonies only T-DNA
integration events at the PDA1 locus were detected (Table 3).
The ratios of gene replacement and insertion-type events were
comparable to those seen with the wild-type (Table 3). Thus,
we conclude that mutations in YKU70 and LIG4 do not affect
T-DNA integration by HR.
Rad52 and Yku70 are the key regulators of T-DNA
integration
It has been proposed that Rad52 and Yku70 may be competing
agents channeling a double-strand break for repair into either
the HR or NHEJ pathway (23). Previously we demonstrated
that Yku70 is essential for T-DNA integration by NHR (9).
We have shown here that Rad52 is essential for T-DNA
integration by HR. This suggests that Yku70 and Rad52 are
also the key regulators of T-DNA integration, which channel
integration into either the NHR or HR pathway. To investigate
Figure 1. Targeted integration of the T-DNA from pSDM8001 at the PDA1
locus. (A±B) A schematic overview of the different T-DNA integration
events. T-DNA integration by homologous recombination can lead to a
replacement event or an insertion-type event. Insertion-type events were
seen when T-DNA circles were formed by fusion of the T-DNA ends (6).
Depending on the PDA1 ¯anking sequence that was used in the insertion
reaction insertion-type I or II events were found. (C) Example of the PCR
analysis which was performed to detect T-DNA integration by homologous
recombination at the PDA1 locus. G418-resistant wild-type colonies,
WTpk.1, WTpk.2, WTpk.3 and WTpk.4, were obtained after co-cultivation
with Agrobacterium LBA1119(pSD8001). The untransformed wild-type
(WT) was used as a control. PCR was performed as described in Materials
and Methods. Four different PCRs were performed using primers p1 + p3,
p2 + p4, p4 + p5 and p6 + p7. The position of the primers and the expected
sizes of the ampli®ed fragments are indicated in (A) and (B).
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this further we examined whether disruption of RAD52 in the
yku70 mutant strain would inactivate both pathways for
T-DNA integration and performed T-DNA transfer experi-
ments with LBA1119(pSDM8001) and a rad52yku70 mutant
strain. The frequency of G418-resistant colonies obtained after
co-cultivation with the rad52yku70 mutant was much reduced
when compared to wild-type, but to our surprise a small
number of G418-resistant rad52yku70 colonies were still
found (Table 2). However, neither PCR nor CHEF gel analysis
revealed the presence of a T-DNA in the genome of 40 G418-
resistant rad52yku70 colonies analyzed (data not shown).
Apparently, the T-DNA had not integrated into the genome.
This demonstrated that T-DNA integration is blocked by the
mutations in both RAD52 and YKU70. It has been reported that
transformed non-homologous DNA can be ligated in vivo to
linear fragments of mitochondrial DNA present in the nucleus
to form DNA elements that are not stably maintained (24). To
investigate whether the T-DNA was maintained as an unstable
extrachromosomal element four G418-resistant rad52yku70
colonies were ®rst grown for 25 generations on medium
without G418 and subsequently on medium containing G418.
None of the initially G418-resistant rad52yku70 strains were
able to grow on the selective medium (Fig. 3), which indicated
that the T-DNA was maintained as an unstable extrachromo-
somal element in the rad52yku70 mutant. Notably, we did not
obtain any G418-resistant colonies from co-cultivation
experiments with the rad52yku70 mutant when a non-
homologous T-DNA that carried the KanMX selectable
marker, but not the PDA1 ¯anking sequences, was transferred
(data not shown). This suggests that the PDA1 sequences are
involved in maintenance of the T-DNA as extrachromosomal
elements when integration into the genome is blocked. We
conclude that the Yku70 and Rad52 proteins are absolutely
required for the genomic integration of T-DNA and channel
integration into the NHR and HR pathway, respectively.
DISCUSSION
Agrobacterium delivers the T-DNA as a single-stranded
nucleoprotein complex (T-complex) into cells of its
eukaryotic hosts (1,2,6,25). The VirD2 relaxase protein is
covalently attached to the 5¢ end of the single-stranded
T-DNA (26) and the VirE2 protein, which is delivered into the
host cell separately from the T-DNA±VirD2 complex (27),
binds to the single-stranded T-DNA cooperatively, so that
it becomes completely coated by this single-stranded
Table 2. Frequencies of T-DNA integration by homologous recombination in recombination-defective yeast mutants
Strain Genotype Frequency of G418-resistant colonies
6 SEM (3 10±6)a
Relative frequency of T-DNA
integrationb
YPH250 WT 25 6 7 100
YPH250rad51 rad51D 2.2 6 0.9c 9
YPH250rad52 rad52D 2.4 6 0.7c 10
YPH250yku70 yku70D 33 6 11 134
YPH250rad50 rad50D 25 6 5 102
YPH250lig4 lig4D 27 6 12 110
YPH250rad52yku70 rad52yku70D 3.8 6 0.4c 15
JKM115 WT 63 6 18 100
JKM129 xrs2D 77 6 8 122
JKM138 mre11D 82 6 7 130
aAll yeast strains were co-cultivated with Agrobacterium LBA1119(pSDM8001). Averages of two or more independent experiments are shown. Frequencies
are depicted as the number of G418-resistant colonies divided by the output number of yeast cells (cells/ml).
bThe relative frequency of T-DNA integration by HR = (frequency of G418-resistant colonies obtained in the mutant/frequency in the wild-type) 3 100%.
cThe means of the frequency of G418-resistant colonies of the wild-type and the mutant were tested signi®cantly different in a Student's t-test (P < 0.05).
Table 3. Integration of homologous T-DNA in the genome of recombination-defective yeast mutants
Strain G418R colonies analyzed Replacement Insertiona Elsewhere HR (%)b NHR (%)
WT (YPH250) 20 8 10 (7/3) 2 90 (44/56) 10
rad51 17 11 3 (3/0) 3 82 (79/21) 18
rad52 40 0 0 (0/0) 40 0 (0/0) 100
rad50 30 26 0 (0/0) 4 87 (100/0) 13
yku70 10 3 7 (0/7) 0 100 (30/70) 0
lig4 10 5 5 (1/4) 0 100 (50/50) 0
rad52yku70 40 0 0 (0/0) 0 0 (0/0) 0
WT (JKM115) 10 3 6 (0/6) 1 90 (33/66) 10
xrs2 10 9 0 (0/0) 1 90 (100/0) 10
mre11 10 8 2 (0/2) 0 100 (80/20) 0
aThe numbers in parentheses indicate the number of insertions by single crossover of type I versus type II.
bThe numbers in parentheses indicate the percentage of replacement versus insertion events after T-DNA integration by homologous recombination at the
PDA1 locus.
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DNA-binding protein (28). This prevents knotting of the T-
DNA and leads to the formation of a thin thread-like structure
that can pass through the nuclear pore into the nucleus. The
presence of VirE2 also prevents degradation of the T-DNA by
nucleases that are present in the host cell (29). How the
presence of the VirD2 and VirE2 proteins in the T-complex
affects T-DNA integration is unknown at the moment. In this
study we used the yeast S.cerevisiae as a model to determine
the genetic requirements for the targeted integration of
Agrobacterium T-DNA. To this end we compared the fate of
a T-DNA that carries segments of DNA with homology to the
yeast genome in wild-type yeast to that in isogenic strains
carrying disruptions of a set of recombination/repair genes.
We found that integration of the T-DNA by HR is dependent
on Rad52 and also requires Rad51. The absence of the Yku70,
Lig4, Rad50, Mre11 and Xrs2 proteins, which previously were
found to be involved in T-DNA integration by NHR (9), did
not affect the ef®ciency of integration by HR. For Yku70 and
Lig4 this was expected as these proteins are speci®c for the
process of NHEJ and do not play a role in HR (11,13).
However, it is known that the Rad50±Mre11±Xrs2 complex is
not only involved in NHEJ, but also in some types of HR
(10,12,14).
We have chosen the PDA1 locus to study T-DNA integra-
tion by HR. PDA1 encodes the E1a subunit of the pyruvate
dehydrogenase complex and is a non-essential gene in yeast
(19). Previously, this locus was successfully used as the
insertion site for T-DNA (6). When the T-DNA sequence was
used in a BLAST search to compare it with the yeast genomic
sequence in the database, it appeared that the 0.9 kb PDA1
¯anking sequence of the T-DNA (Fig. 1A) also showed
homology to a region of the BMH2 locus on chromosome IV
(76% homology over a 371 bp region). Therefore, we cannot
exclude that insertions in chromosome IV had occurred by HR
instead of NHR (Fig. 2). However, we think this is unlikely as
we have shown that the T-DNA integrates by NHR into
several different chromosomes (Fig. 2).
As mentioned above, the structure of the T-DNA which
enters the host cell differs signi®cantly from that of naked
plasmid DNA that was previously used in transformation
experiments. Do these differences also affect the requirements
for integration by HR? We found that Rad52 is essential for
T-DNA integration by HR. Likewise, it was found that the
integration of linear plasmid DNA is blocked in rad52 mutants
(30,31). In contrast, the role of RAD52 in the integration of
circular plasmid DNA is less clear. Two groups reported little
or no effect on integration of single-stranded and double-
stranded DNA molecules (31,32), whereas others observed a
dramatic reduction in the ef®ciency of integration in rad52
strains (33,34). In the absence of Rad51, we found that
residual T-DNA integration still occurred mainly by HR.
Likewise, Schiestl et al. (30) reported that integration of a
homologous DNA fragment is reduced (10-fold), but not
abolished, in a rad51 mutant. To our knowledge, the effect of a
RAD51 mutation on the integration of transformed homo-
logous naked single-stranded DNA molecules has not been
determined yet. A clear role for Rad51 in the integration of
exogenous DNA has thus not been de®ned and we may only
speculate about its function in DNA integration. Recent
studies have shown that RAD51-independent mechanisms of
HR exist. For instance, mechanisms such as break-induced
replication (BIR), which are dependent on Rad52, can operate
in the absence of Rad51 and may be used for T-DNA
integration in the rad51 mutant (10).
Figure 2. Non-targeted integration of the T-DNA from pSDM8001. Non-targeted integration events were examined by CHEF gel analysis in wild-type (WT),
rad51, rad52 and xrs2 strains. Intact chromosomes were isolated from G418-resistant colonies obtained after co-cultivation with Agrobacterium
LBA1119(pSDM8001), separated in a CHEF gel (left panel) and blotted on a membrane. The membrane was hybridized with a labeled probe that anneals to
the T-DNA and an autoradiograph was made (right panel).
Figure 3. Loss of the T-DNA in a rad52yku70 double mutant. G418-resist-
ant rad52yku70 colonies, obtained after co-cultivation with Agrobacterium
LBA1119(pSDM8001), were puri®ed on YPAD medium containing G418.
Single colonies were taken and grown for 25±30 generations on YPAD
medium without G418 (®rst streak). Growth was then assayed on YPAD
medium in the presence and absence of G418 (second streak). (1) WTpk.1
(positive control), (2) untransformed WT (negative control), (3) rad52y-
ku70pk.1, (4) rad52yku70pk.2, (5) rad52yku70pk.3, (6) rad52yku70pk.4.
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The ef®ciency of T-DNA integration by HR was not
affected by the absence of a functional Rad50±Mre11±Xrs2
complex. However, an interesting observation was that a shift
to gene replacement events was seen in cells that lack this
complex. It is not likely that this is due to impaired T-circle
formation in the absence of a Rad50±Mre11±Xrs2 complex as
the ef®ciency of circularization, measured by transfer of a
T-DNA that carries the KanMX selectable marker and the
yeast 2m replicator sequence, in rad50, mre11 and xrs2
mutants was comparable with wild-type (data not shown).
However, an insertion-type event results in a direct repeat.
Such direct repeats may be much more unstable in rad50,
mre11 and xrs2 mutants, leading to the loss of one of the
repeats and the intervening sequences by HR (11,35). The
result of such a recombination event would convert an
insertion-type event into an apparent replacement event,
which may form an explanation for the shift towards
replacement events in the rad50, mre11 and xrs2 mutants.
We showed that in the absence of Rad52, integration by
NHR becomes the sole pathway for integration. Previously we
found that in the absence of Yku70, which is essential for
T-DNA integration by NHR (9), HR becomes the sole
pathway for integration. Indeed, we have found now that
T-DNA integration becomes totally abolished when both
RAD52 and YKU70 are inactivated. We conclude that Rad52
and Yku70 are the key regulators of T-DNA integration,
channeling integration into the HR and NHR pathway,
respectively. These data demonstrate that the pathway used
for T-DNA integration, HR or NHR, can be in¯uenced by
controlling the activity of speci®c DNA repair genes. In plants
T-DNA integrates ef®ciently by NHR, even when it shares
extensive homology with the plant genome. As plant orthologs
of the yeast YKU70, LIG4, RAD50 and MRE11 genes have
been identi®ed, it is now of interest to see whether these genes
also play an important role in T-DNA integration in plants and
whether inactivation of these genes could facilitate targeted
integration by preventing non-targeted integration of the
T-DNA.
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